A study of the stellar population of the M31 spiral arm around OB association A24 was carried out based on the photometric data obtained from deep V and JHK imaging. The luminosity function was obtained for −7 ∼ < M bol ∼ < −3.5 by applying the extinction correction corresponding to A V = 1 and the bolometric correction BC K as an empirical function of (J − K) 0 .
Introduction
The Andromeda galaxy (M31) is the nearest galaxy which has a morphological type close to that of the Milky Way, and is most suitable to provide supplementary data for understanding the detailed galactic structures such as spiral arms and related star forming regions. With this motivation in mind, the present authors carried out deep near-infrared stellar photometry around the OB association A24 (R.A. = 0 h 39 m 18 s ,
Decl. = +40
• 41 ′ [1950.0] ) near the 7 kpc spiral arm of M31 (see Fig. 1 ), and published the basic photometric data separately (Kodaira et al. 1998a, hereafter Paper I) . In the present paper we carry out a population study of the stars around A24 based upon the near-infrared data in Paper I and the new V -band data.
An automated search for OB associations in M31 was carried out by Magnier et al. (1993) based upon the CCD survey data of Magnier et al. (1992) , and Haiman et al. (1994) analyzed the properties of a dozen OB associations selected from the list of Magnier et al. (1993) . In order to improve the data quality, Magnier et al. (1997) undertook UBV photometry using the Hubble Space Telescope (HST) WFPC for 15 fields related to the OB associations A41, A42, and A48. They found that the median ages of the bright blue stellar components were log t (years)= 7.0 − 7.5 with an average log t ∼ 7.3, and that the total interstellar extinction of individual stars was highly variable over a range A V = 0 − 3 with group median values of A V ≃ 0.6 − 1.3 and an average of A V ∼ 0.9 assuming R V = 3.1.
The present target, OB association A24 (area ∼ 2 ′ × 1. ′ 5), is composed of a scattered group of moderately faint stars, with a core size of about 0.1 kpc (van den Bergh 1964; see (Hodge 1981) . Efremov, Ivanov, & Nikolov (1987) identified the original A24 as A24-1, and additionally defined new associations A24-2 and A24-3 on the southeast outside A24-1. They noticed that A24-1 was a stellar complex which contained at least five internal groupings. Other dark clouds, D205, D215, and D253, and a faint open cluster C204 are seen in the vicinity of A24.
The clouds D221 and D253 compose a part of the spiral dark lane which appears to branch off inward from the 10 kpc main dark lane on the south side of M31. The HI distribution maps by Unwin (1980) and Brinks & Shane (1984) show that an HI spiral arm runs through D221, but that the association A24 including the cloud D221 is located at a local minimum of HI distribution along the spiral arm. The IRAS maps for the emission at 60 and 100 µm by Xu & Helou (1996a) also show that the spiral arm is weakening in the vicinity of A24. Clear signs of diffuse Hα emission were seen in the A24 area in the Hα survey maps of Pellet et al. (1978) and of Devereux et al. (1994) . The Hα features were more clearly identified by Magnier et al. (1995) These features of A24 (with a superbubble and at a local minimum of the HI spiral arm) highly resemble to those of A41a, which was investigated by Magnier et al. (1997) .
They found A41a to have a median age of log t ∼ 7.3 and a median extinction of A V ∼ 0.6.
The foreground reddening in the Milky Way toward M31 was estimated at E f (B −V ) = 0.16 (Sandage & Tammann 1968) , E f (B − V ) = 0.07 (Humphreys 1979) , or E f (B − V ) = 0.08 (Burstein & Heiles 1984) . Hodge & Lee (1988) found internal reddening E i (B − V ) = 0.21 for A24. Our reanalyses of the blue stars in the Hodge & Lee (1988) field using their UBV data and the BV RI data of Magnier et al. (1992) resulted in E i (B − V ) ≃ 0 − 1 for individual stars, with a median value of E i (B − V ) = 0.23. The extinction seems to be highly inhomogeneous over the A24 field, as was found by Magnier et al. (1997) for other associations.
Since we are mainly dealing with the near-infrared data, the uncertainty and the inhomogeneity of the extinction little affect the interpretation about the global characteristics of the stellar population. Accordingly, in the present population study we assume an average extinction of A V = 1.0, which corresponds to A K = 0.11, the dereddened values, while the original data in the Paper I photometric system appear without a subscript zero in the present paper.
In the following, a description of the observational material is given in § 2, and a population study is presented in § 3. We will investigate the local variations of stellar population and of interstellar extinction in § 4. Discussions of star formation and cloud structure in the A24 area are given in § 5. Brief discussions are also given in § 5 of the lifetimes of bright AGB stars and of the HROs identified by Kodaira et al. (1998b) .
Observational Material
Our near-infrared data consist of two sets, which were both obtained with the QUIRC imager attached to the University of Hawaii 2.2 m telescope at Mauna Kea. One set is the JHK data obtained in 1995 September with the f/31 tip-tilt secondary mirror, and their point-spread function (PSF) is as good as FWHM ≃ 0. ′′ 4. This set of high-quality data covers the central field of 2 ′ × 2 ′ around D221 and reaches down to J = 21.3, H = 20.5, and K = 19.6. The other set is the JH data, which were obtained in 1996 December with the f/10 normal secondary mirror and covered a 3 ′ × 3 ′ field around the f/31 field. The set of the f/10 JH data has a PSF of FWHM ≃ 0. ′′ 9 and reaches down to J = 20.0 and H = 19.0.
More details about the near-infrared photometry are to be found in Paper I.
The V -band image was obtained on 1995 September 23 using the University of Hawaii 8K mosaicked CCD camera at the f/3.8 primary focus of the Canada-France-Hawaii
Telescope (CFHT). The mosaic of eight 2K × 4K front-illuminated detectors with 15 µm pixels (0. ′′ 23 pixel −1 ) covered a 0.
• 52 × 0.
• 52 field of the south part of M31 including the spiral arms around A24. The 900 s exposure frame was debiased using a 900 s dark frame and flattened using the sky flat field, which was produced by taking a median of 20 frames. The final object frame has stellar images of FWHM ∼ 0. ′′ 9. A 7 ′ × 7 ′ field around A24 was carefully measured to yield a V -band magnitude for about 29,000 stars down to V ∼ 24. The photometric calibration was made by referring to the M31 survey data by Magnier et al. (1992) . The resulting V -band luminosity function is given in Figure 2 , which shows 3 components corresponding to supergiants (M V ∼ < −6), OB main-sequence stars (−6 ∼ < M V ∼ < −3.5), and RGB and AGB stars (−3.5 ∼ < M V ).
We will use the high-quality f/31 JHK data for the population study for the 2 ′ × 2 ′ central field, and the f/10 JH data and the f/3.8 V data for the study of local variation in the stellar population and the interstellar extinction over the 3 ′ × 3 ′ and the 7 ′ × 7 ′ fields, respectively.
Population Study
We begin with the population study of the 3139 stars observed in the JHK bands in the 2 ′ × 2 ′ central field of A24 (see Fig. 1b ), whose effective area is ∼ 3 arcmin 2 because of mosaicking seams. The K-band luminosity, M K , was transferred to the bolometric luminosity, M bol , using the empirical relation between (J − K) 0 and the K-band bolometric correction BC K , which were derived by us based upon the data in Whitelock et al. (1995) , Kučinskas (1998) , and Montegriffo et al. (1998) . The details of the transformation are given in Appendix A.
The conventional value of the distance modulus m − M = 24.2 (Welch et al. 1986; Pritchet & van den Bergh 1987; Huterer, Sasselov, & Schechter 1995 ) is adopted for M31 throughout this paper, although Stanek & Garnavich (1998) and Holland (1998) isochrones in TCD may mainly be attributed to the following two causes. One apparent cause is connected to the difficulties in transforming the theoretical HR diagram (log L, log T ef f ) into the color-magnitude diagram. Because of the lack of a sufficient spectral library for evolved cool stars and the uncertainty in the correspondence between the spectral types and the theoretical parameters (g, T ef f ) for these stars, Padova 94 had to invoke various simplifications in producing spectral energy distributions (SEDs) for stars of low effective temperature (T ef f < 3500 K) and low surface gravity (log g < 3). The second cause is neglect of the effects of the dust shells which are probably ejected during the AGB evolution, which was not taken into account in the Padova 94 models. Bressan, Granato, & Silva (1998) modeled the effects of the dust shells and reproduced fairly well the observed color characteristics of the IRAS AGB stars in the South Galactic Cap (Whitelock et al. 1995) . In doing so, they adopted the underlying photospheric radiation and Z = 0.02 for younger ages. The modified isochrones are still partially degenerated in TCD, and the tracks for the RGB stars remain the same, for which no modifications have been applied. These semitheoretical isochrones in CMDs are useful to lend us a guiding reference, while the present population study of AGB stars relies on M bol rather than on the detailed colors in their late evolutionary phase.
By investigating the CMDs, we find that the youngest population has an age of t ∼ < 30 Myr when a metallicity similar to that of the solar value, Z ∼ 0.02, is adopted. If The observed bright AGB stars of M bol ∼ < −4 are found to be distributed in the domain of the Mira variables in TCD (Bessell & Brett 1988) , corresponding to the redder group of the South Galactic Cap IRAS AGB stars (Whitelock et al. 1995) . The majority of the observed objects of −4 < M bol < −3 shows concentration in the domain of the semiregular variables in TCD (Kerschbaum, Lazaro, & Habison 1996) .
The possible contamination by the foreground Galactic stars is expected to be about Rich, Mould, & Graham 1993) and can be neglected in the present statistical analysis. On the contrary, judging from Kent's (1989) model and near-infrared surface photometry by Hiromoto et al. (1983) , Battaner et al. (1986), and Martinez Roger, Phillips, & , the contamination by the stars in the outer bulge of M31 may not be negligible because of the inclination angle of M31 at i = 12.
• 5. The bulge stars, however, are most probably old enough to be t > 3 Gyr, and the present discussions about A24 focused on the stars of M bol ∼ < −4 are hardly affected by their contamination.
Local Variation of Stellar Population
In order to study possible local variation of the stellar population around A24, we the V study and the JH study for the common 3 ′ × 3 ′ field.
Discussion
The present bolometric luminosity function (Fig. 3) well resembles that in the M31 "disk" which was derived by Rich et al. (1993) in their Field 2 at 11. ′ 5 off center along the southeast minor axis, except for the brightest end of M bol < −6, which reflects the additional youngest population in A24. The slope is roughly ∆ log ψ/∆M bol ∼ 1 for −3.5 < M bol < −6 in both studies, although we have noted the substructures in our case in Figure 3 .
In applying the fuel consumption theorem of Renzini & Buzzoni (1986) for a single stellar population, n j = B(t)L T t j , where n j is the number of stars in post-main-sequence evolutionary phase j, t j is the lifetime of the phase, L T is the total bolometric luminosity of the population, and B(t) = 2 × 10 −11 stars L −1 ⊙ yr −1 , we may examine the standard lifetime estimate of 1.3 Myr mag −1 for AGB stars (Iben & Renzini 1983 ). We use µ K ∼ 16.5 mag arcsec −2 for the M31 disk at R ∼ 7 kpc according to Battaner et al. (1986) and and M bol = −5.0, we find n j ∼ 400 and n j ∼ 50, therefore, estimates of log t j ∼ 6.6 and log t j ∼ 5.7, respectively. The simple average log t j ∼ 6.15 is close to the standard value cited above (log t j = 6.1), basically conforming to the fuel consumption theorem.
When we apply the same fuel consumption theorem for evaluating the lifetime of the luminous HROs of J − K ∼ > 2, which were identified in the f/31 2 ′ × 2 ′ field by Kodaira et al. (1998b) as possible candidates for the superwind-phase AGB stars, we find n j ∼ 7 in the f/31 2 ′ × 2 ′ field and log t j ∼ 4.9. When we take the uncertainty of the mixed population noted above into account, this may be in broad agreement with the estimate log t j ∼ 5
by Tanabe et al.(1997) for similar objects in the intermediate-age clusters in the LMC, to support their inference about the high mass-loss rate of these objects.
The present star formation rate in the observed 7 ′ × 7 ′ domain over the last ∼ 10
Myr is estimated at ∼ 1.8 × 10 4 m ⊙ Myr −1 per deprojected disk area of 1 kpc 2 for an inclination of i = 12.
• 5. This estimate is derived from the number of the young stars of Figures 10a and 10b suggests that the deficient AGBs are mainly those of t ∼ < 0.5
Gyr. The history of the local star formation may be smeared out over a timescale longer than this. The rotation period of the disk domain of R = 4 − 10 kpc is ∼ 0.2 Gyr, and the period of the spiral-pattern passage is almost the same in the case of a two-arm spiral (Braun 1991) . Some subdomains of the stellar complex A24 have just experienced star formation in the present spiral passage but did not in the last few passages. Some other subdomains actively formed stars in the last passages one or two times ∼ 0.2 Gyr ago but not in the present passage. Disk domains of ∼ 100 − 200 pc size seem to be filled up with cool gas sufficient to produce stars again on a timescale of a few times the spiral passage period.
The actual dust and gas clouds in the studied field have complex structures. The deep V -band image (Fig. 1a) The real three-dimensional structure of this stellar complex with absorbing clouds is difficult to model uniquely because of the awkward projection angle i = 12.
• 5 of M31. The fine structures are not particularly elongated along the major axis. Some fibrous features are even oriented along the minor axis, or perpendicular to the direction of the spiral arm.
Accordingly, we suspect that the dark cloud complex surrounding the superbubble around C202 and C203 is not perfectly flat in the central plane but is equally extended above the plane, as was pointed out for dark lanes in some edge-on spiral galaxies by Sofue (1987) and Sofue, Wakamatsu, & Malin (1994) .
The spiral dark lane appears to be broken on both sides of D221, but the ridge rich in young stars runs through it along the spiral arm (Figs. 1 and 6 ). Although the detailed three-dimensional structures of the clouds are not clear, Figure 6 (see also Fig.   1b ) gives an impression for the global trend around the 7 kpc spiral-arm structure that the distribution of the young stellar population shows a wide ridge which seems to be slightly shifted outward relative to that of the absorbing clouds, conforming to the view about the sequential distribution of the interstellar matter and the newly born stars for the case of the trailing spiral; this was suggested by Loinard et al. (1996) in the study of the distribution of CO and HI clouds relative to that of H II regions in the M31 spiral arms.
In conclusion, we believe that this work has demonstrated the possibility of detailed population analysis of M31, and we would like to underline the importance of extensive deep photometry in the visual as well as in the infrared region.
The authors wish to acknowledge the collaborative assistance of the staff members of Whitelock et al. (1994 Whitelock et al. ( , 1995 , and Kučinskas (1998) , which were corrected by ∆BC K = +0.5 to match others in the range 1 < (J − K) 0 < 2; see Figure 11 .
In the latter two sources, the interstellar reddening E(J − K) was regarded as negligible compared with the intrinsic dispersion. Although the sources were heterogeneous as to the age and the metallicity, we believe that this empirical correction incorporated the essential effects of the extinction and the thermal emission by the hot dust shells, and that this transformation is superior to those used in previous works which assumed almost constant BC K ≃ 3.25 for (J − K) 0 > 1.5.
B. Correction for the Dust-Shell
The dust-shell structure and the radiative transfer through the shell were calculated with the program DUSTY by Ivezić, Nenkova, & Elitzur (1997) . The density profile of the stationary shell was calculated for the varying wind velocity which was accelerated by the radiation pressure on dust, and the dust temperature at the inner boundary of the shell was taken to be 800 K. The dust opacity was calculated for the silicate parameters given in Draine & Lee (1984) , in contrast to the special mixtures in Bressan et al. (1998) , and for the size distribution as adopted by Mathis, Rumpl, & Nordsieck (1977) . Models were calculated for the optical thickness of the shell τ V = 1, 3, 10, 30, and 100, and for the central blackbody source of temperature T = 2000, 2500, 3000, and 3500 K. By comparing the original blackbody SED with the SED of the corresponding shell model, we evaluated the corrections in the near-infrared photometric magnitudes. These corrections were applied to the theoretical isochrones by the Padova group (Bertelli et al. 1994) according to the following conditions. The dust-shell was assumed to become effective at M bol = −3.8 with τ V = 1. If this point is too hot for relatively young populations (age 100 − 200 Myr), the first shell-effective point was assumed to be the point on the original isochrone in the M bol (Fig. 5c) , where the isochrone deviates from the vertical path.
The thickness of the dust-shell was assumed to be τ V = 30 at the tip of the AGB, and the corrections were linearly interpolated between the first point (τ V = 1) and the final one (τ V = 30) proportional to M bol . The case of τ V ≤ 10 for the tip of AGB turned out to be insufficient, while the case of τ V = 100 produces too red AGB isochrones to match the observation. The lower limit of M bol = −3.8 and the linear M bol − τ V relation were deduced from the data of O-rich and C-rich stars (Kučinskas 1998) . Fig. 1.-(a) V -band image showing the whole of the 7 ′ × 7 ′ area studied around A24.
FIGURE CAPTIONS
(b) Relative locations of the 7 ′ × 7 ′ V field, the 3 ′ × 3 ′ JH field, and the 2 ′ × 2 ′ JHK field.
The Hodge Atlas is underlaid. The frame of the 7 ′ × 7 ′ field is slightly inclined relative to others which are oriented with north at the top and east to the left. et al. (1994, 1995) . 
